The pluripotency factor Lin28 inhibits the biogenesis of the let-7 family of mammalian microRNAs [1] [2] [3] [4] . Lin28 is highly expressed in embryonic stem cells and has a fundamental role in regulation of development 5 , glucose metabolism 6 and tissue regeneration 7 . Overexpression of Lin28 is correlated with the onset of numerous cancers 8 , whereas let-7, a tumour suppressor, silences several human oncogenes 5 . Lin28 binds to precursor let-7 (pre-let-7) hairpins 9 , triggering the 39 oligo-uridylation activity of TUT4 and TUT7 (refs [10] [11] [12] . The oligoU tail added to pre-let-7 serves as a decay signal, as it is rapidly degraded by Dis3l2 (refs 13, 14) , a homologue of the catalytic subunit of the RNA exosome. The molecular basis of Lin28-mediated recruitment of TUT4 and TUT7 to pre-let-7 and its subsequent degradation by Dis3l2 is largely unknown. To examine the mechanism of Dis3l2 substrate recognition we determined the structure of mouse Dis3l2 in complex with an oligoU RNA to mimic the uridylated tail of pre-let-7. Three RNA-binding domains form an open funnel on one face of the catalytic domain that allows RNA to navigate a path to the active site different from that of its exosome counterpart. The resulting path reveals an extensive network of uracil-specific interactions spanning the first 12 nucleotides of an oligoU-tailed RNA. We identify three Uspecificity zones that explain how Dis3l2 recognizes, binds and processes uridylated pre-let-7 in the final step of the Lin28-let-7 pathway.
In embryonic stem cells, Dis3l2 functions as the effector nuclease responsible for degrading uridylated pre-let-7 miRNAs in the Lin28-let-7 pathway 13, 14 . Dis3l2 belongs to the RNase II/R 39-59 exonuclease superfamily, which includes the catalytic subunit of the RNA exosome in yeast (Rrp44) 15, 16 and humans (Dis3 and Dis3l1) 17 . Inactivation of Dis3l2 is associated with aneuploidy and mitotic abnormalities, whereas its overexpression suppresses cancer cell growth 18 . Genetic disruption of DIS3L2 is the primary cause of Perlman's syndrome, a congenital disorder leading to fetal overgrowth and an increased susceptibility to Wilms' tumour development 18 . Subsequent studies have shown that Wilms' tumours, a common paediatric kidney cancer, overexpress Lin28 (ref. 8) , underscoring the role of miRNA regulation in kidney tumorigenesis. Outside of miRNA regulation, Dis3l2 mediates 39-59 mRNA decay in an alternative mRNA decay pathway that is independent of the exosome 19, 20 . This is particularly intriguing in light of studies showing widespread uridylation of mammalian mRNAs 21, 22 , suggesting that RNA uridylation may be a common RNA degradation signal. Here we present the structure of mouse Dis3l2 in complex with an oligoU RNA and provide an explanation for Dis3l2's high specificity towards uridylated RNA substrates.
It was shown that Dis3l2 is a processive 39-59 hydrolytic exonuclease that preferentially degrades uridylated pre-let-7 and other uridylated miRNAs 13, 14 . Related studies showed that Dis3l2 processed structured RNA more efficiently than its exosome counterparts (human DIS3 and yeast Rrp44), with no reported sequence preference 20 . However, the fission yeast Dis3l2 orthologue was shown to exhibit a preference for oligoU 19 . To clarify the extent of mammalian Dis3l2's substrate preference, we quantitatively measured the specific activity of mouse Dis3l2 for single-stranded RNA substrates ( Fig. 1a and Extended Data Fig. 1a, b ). Dis3l2 processed U 15 ,9-fold and ,40-fold more efficiently than C 15 and A 15 , respectively, which are both relatively poor substrates ( Fig. 1a ). Dis3l2 failed to process deoxyU 15 , thus is specific for RNA (Extended Data Fig. 1a ). Next, we measured binding affinity, where Dis3l2 exhibited more than 200-fold tighter binding to U 15 compared to A 15 and C 15 ( Fig. 1b and Extended Data Fig. 1c, d) . Notably, the binding constant for deoxyU 15 was comparable to U 15 , which further illustrates its preference for uracil ( Fig. 1b ). We extended our analysis to the known biological substrate, pre-let-7. Dis3l2 degraded pre-let-7-U 15 more efficiently than the unmodified pre-let-7 hairpin and had a tenfold higher affinity for pre-let-7-U 15 over pre-let-7 ( Fig. 1a, b ). Taken together, both enhanced activity and tighter binding have a role in Dis3l2's notable preference for oligoU.
To understand the substrate preference of Dis3l2 we determined the crystal structure of mouse Dis3l2 in complex with an oligoU RNA substrate ( Fig. 1c and Extended Data Table 1 ). Full-length Dis3l2 failed to crystallize. We therefore crystallized a truncated form of Dis3l2 encompassing residues 37-857 with two flexible loops removed (residues 148-169 and 194-221). The construct also contained an inactivating mutation (D389N) in the active site to trap oligoU (Extended Data Fig. 2 ). The truncated form of Dis3l2 with an intact active site had comparable substrate preference and activity as the full-length enzyme (Extended Data Fig. 3a ). Unambiguous electron density accounted for the modelling of 14 nucleotides of oligoU (U 14 ) (Extended Data Fig. 3b , see full description in Methods). Dis3l2 is composed of two cold shock domains at its amino terminus (CSD1 and CSD2), which are intimately associated with each other (Extended Data Fig. 4a , b) and form a lobe on the 'top' side of the catalytic RNB domain, while the carboxy-terminal S1 domain sits opposite the CSD lobe ( Fig. 1c, d and Extended Data Fig. 4c ). The CSD lobe and S1 form an open funnel on 'top' of the RNB, where RNA substrates gain entry to the enzyme ( Fig. 1c-e ). The entire length of U 14 stretches from the opening of the funnel at the top and threads through the RNB to the active site. The 59-half of U 14 (U1-U7) wraps around the mouth of the funnel, primarily interacting with loops protruding from the CSD lobe and S1 ( Fig. 1d and Extended Data Fig. 4d ). This is followed by U8, which resides in a pocket formed by S1 and RNB at the stem of the funnel (Extended Data Fig. 4c ). The final 6 nucleotides, U9-U14, are stacked within the RNB core ( Fig. 1c-e ). The 39-end nucleotides, U13-U14, are situated in the active site in the 'middle' of the RNB domain ( Fig. 1c) , where there is a solvent-accessible escape 'hole' through the side of the enzyme for nucleotide products to exit. We measured specific activity and binding affinity for oligoU substrates of increasing length (9-15 nucleotides) and determined that the optimal oligoU substrate (U 15 ) spans the entire length of the enzyme (Extended Data Fig. 5 ). The Dis3l2-U 14 structure, therefore, represents the optimal length oligoU tail required to recruit Dis3l2 and elicit the enhanced degradation of prelet-7 (refs 13, 14) and is consistent with the length of oligoU tail added to pre-let-7 by TUT4 and TUT7 (refs 10-12).
Dis3l2 is structurally similar to yeast Rrp44 (refs 23-25) except for its lack of an N-terminal PIN domain, which mediates yeast Rrp44 association with the exosome (Fig. 2a, b ). Both Dis3l2 and yeast Rrp44 resemble Escherichia coli RNase II 26 (Extended Data Fig. 6 ), and share processive 39 to 59 exonuclease activity, catalysed by a universally conserved Mg 21 -dependent active site (Extended Data Fig. 6a, b ). Individually, the CSD1 (42% sequence identity, 0.9 Å root mean squared deviation (r.m.s.d.)), CSD2 (18% sequence identity, 1.5 Å r.m.s.d.) and S1 (27% sequence identity, 1.9 Å r.m.s.d.) domains of Dis3l2 align well with the corresponding domains in yeast Rrp44 and are positioned similarly on one face of the RNB domain (39% sequence identity, 1.4 Å r.m.s.d.) ( Fig. 2a, b ). However, yeast Rrp44 has a narrower pore on the top of its RNB compared to Dis3l2, due to closure of its CSD lobe over the top of the RNB to the S1. Consequently, RNA enters Rrp44 through a 'side' path formed between CSD1 and the RNB 23, 24 as it exits the exosome core (Exo10) ( Fig. 2b ). For Dis3l2, the funnel formed by the CSD lobe and S1 closes the side path taken in Rrp44, making it inaccessible to RNA substrates. Furthermore, the mouth of the funnel is lined with a positively charged electrostatic surface that provides an appropriate binding site for RNA substrates (Fig. 2c, d ). The path taken by U 14 in Dis3l2 is more reminiscent of the RNA path in the structure of RNase II 22 (Extended Data Fig. 6c-f ). However, the opening at the top between the CSD lobe and S1 domain is narrower in the single-strand-specific RNase II enzyme 26 (Extended Data Fig. 6d , f), which precludes structured RNA substrates from entering.
The substrate preference exhibited by Dis3l2 is explained by numerous specific interactions with the uracil base of an oligoU-tailed RNA substrate ( Fig. 3a, b ). While the path that the RNA must take to the RNB domain is different in Dis3l2 compared to yeast Rrp44, the paths converge from U9 to U14 within the narrow pore of the RNB domain ( Fig. 2a, b ). In this region, Dis3l2 residues primarily contact the RNA backbone and are generally conserved with yeast Rrp44 (Fig. 3b ). However, where the RNA paths diverge (U1-U8), we identified an extensive network of interactions between Dis3l2 and the uracil bases of U 14 that are not observed in structures of yeast Rrp44 (refs 23, 24) and RNase II 26 (Fig. 3b ). We categorized these interactions into three U-specificity zones (U-zone 1-3) that together discriminate uracil from adenine and cytosine ( Fig. 3c-d and Extended Data Fig. 7 ). U-zone 1, comprised of residues from the CSD lobe and S1 at the mouth of the funnel, includes U1-U4 (Fig. 3b, c) . U1 is stacked between the side chains of R275 and F80, and forms hydrogen bonds with the side chain of H271 and the main chain of H271 and R275. U2 is stacked with H271 and is held in place by main-chain hydrogen bonds with F80 and P77. U3 and U4 interact exclusively with residues from the S1 domain ( Fig. 3b, c ). U3 is stacked on Y794 and interacts with the side chain of N796. U4 forms hydrogen bonds with the side chain of N777 and main chain of A779 and Q778 (Fig. 3b, c) .
The bases of U6-U8 are located in the narrow stem of the funnel at the interface between the CSD lobe, S1 and RNB to make up U-zone 2 (Fig. 3b, d ). U6 and U7 mediate the interaction between CSD1 and the RNB (Extended Data Fig. 4a ). They are stacked and sandwiched by F84 of CSD1 and M615 of the RNB. The CSD1 side chain of R74 interacts with U6 while the side chains of CSD1 D93 and RNB Q612 contact U7. U8 is located in a pocket at the RNB-S1 interface (Extended Data Fig. 4c ), formed by Q551 and N661 of the RNB and Q790 from S1. The side chains of Q551 and Q790 make direct hydrogen bonds with U8, and are stabilized by the side chain of N661 ( Fig. 3b, d) .
Finally, U-zone 3 includes residues from the RNB core that interact with U9-U12 ( Fig. 3b, e ). The base edge of U9 is engaged in Watson-Crick-like pairing with the main chain of L549 and Q551. An extended network of interactions is made between U10-U12 with the main chain of L549 and side chains of D550 and K553 (Fig. 3b, e ).
Altogether we identified 22 U-specific hydrogen bonds (9 from mainchain atoms and 13 from side-chain interactions) between Dis3l2 and the uracil bases of the first 12 nucleotides of U 14 . Most of these interactions are disrupted when we modelled A 14 and C 14 into the Dis3l2 structure (Extended Data Fig. 7 ), effectively providing an explanation for why oligoA and oligoC are poor substrates compared to oligoU. To examine the role of Dis3l2 residues in each U-zone, we mutated selected residues and measured activity with U 15 (Fig. 3f and Extended Data Fig. 8 ). U-zone 1 residues primarily interact with U1-U2 through main-chain atoms, which explains why side-chain mutations displayed moderate impairment (R275A). Mutations of the side chains in the S1 domain that interact with U3-U4 were more variable. N796A displayed wildtype levels of activity, whereas mutation of the same residue to its human DIS3 counterpart (N796E) is impaired ( Fig. 3c, f ). We suspect that the longer, negatively charged residue at this position impedes RNA progression through the enzyme compared to alanine. Mutation of Q778A A purple circle represents the mouth of the CSD-S1 funnel. CSD1, CSD2 and S1 make contact to U 14 with residues primarily located on loops that protrude into the mouth of the funnel. e, Cartoon model of the funnel-shaped Dis3l2-U 14 complex.
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is the most defective in U-zone 1 and we speculate that Q778 might be involved in the translocation of U3 to the U4 position ( Fig. 3 c, f). Unexpectedly, we identified an activating mutation (N777A) in U-zone 1 that accounts for an enzyme with 40% higher levels of activity than wild-type Dis3l2. U4 is held in place through main-chain interactions in addition to the side chain of N777, so that mutation to a small aliphatic residue maintains part of the interaction, but may create a hollow path to allow RNA to pass unimpeded to U-zone 2 (Fig. 3c, f) . Similar 'super-enzyme' mutations of functional to small aliphatic residues have also been described for RNase II 27 and yeast Rrp44 (ref. 28) .
Notably, two of the most impaired mutants (R74A/Q612A and Q790A) in U-zone 2 are of side chains that not only read the RNA sequence but also engage in oligoU-mediated domain-domain interfaces (Fig. 3d, f and Extended Data Fig. 4a ). R74 and Q612 stabilize the stacked conformation of U6-U7 and sit at the junction of the RNA stabilized CSD1-RNB interface. Q790 facilitates an RNA-mediated interface between the S1 and RNB domains (Fig. 3d, f) . Collectively, these data strongly support the U 14 path and the domain configuration in the Dis3l2 structure. U-zone 3 seems to be the least U-specific zone, as we had to mutate a stretch of six residues in Dis3l2 (R548-K553) to the mammalian Dis3 sequence (Fig. 3e, f and Extended Data Fig. 2 ) to achieve a 40% reduction in activity. U-zone 3 reads uracil through a mixture of main chain and side chains, but is mostly composed of non-sequence-specific interactions with the U 14 backbone (Fig. 3b) , which may explain the relatively modest effect on activity for this mutant.
All of the U-zone mutants examined are active, which is not entirely surprising given the extensive network of interactions maintained throughout all of the U-zones, even in the context of a single point mutation. This is particularly evident when we compared the specific activity of any single U-zone mutation, where 1-2 interactions are broken, with A 15 or C 15 , where the bulk of the U-zone network is disrupted ( Fig. 3f and Extended Data Fig. 7) . To clarify the impact of U-zone mutations on Dis3l2's processing mechanism, we measured the binding affinity for U 15 (Fig. 3g and Extended Data Fig. 9 ). There is little correlation between binding and activity here, given that U-zone mutations had little impact on the binding affinity for U 15 compared to wild-type Dis3l2 (Fig. 3g ). Because single U-zone mutations are not sufficient to abolish oligoU binding, again because of an overwhelming network of interactions, it may rather be the rate of oligoU translocation through the mutated U-zones to the active site that is impeded.
The structure of Dis3l2 presented here answers several important mechanistic questions about the biochemical function of this essential enzyme. Most importantly, our study identified a vast network of oligoUspecific interactions, even when compared to a typical transcription factor binding to its recognition sequence. This accounts for Dis3l2's enhanced activity and higher affinity for oligoU-tailed substrates (Fig. 1a, b) . The shape of the binding funnel-wide at the top and narrow at the bottom ( Fig. 1c-e and Fig. 2a , c)-explains its ability to process structured RNA substrates. Indeed, Dis3l2 is more adept at processing structured RNA, even those with short 39-end overhangs, compared to human DIS3 (ref. 20) and yeast Rrp44 (ref. 20) . We propose that the CSD-S1 funnel is wide enough to bind structured RNA. In turn, the CSDs and S1, which are known to function as RNA chaperones in other proteins 29 , may promote the remodelling of structured RNA. Our structure supports this model quite well, as we observe a far-reaching set of base interactions, including base-stacking and hydrophilic interactions, throughout the CSD-S1 funnel that could have this role ( Fig. 3b-e ). Once the U-zones are primed with an oligoU tail, Dis3l2 will degrade it up through the RNB, where non-sequence-specific interactions (Fig. 3b) and hydrolysis in the active site fuel translocation of RNA substrates, like pre-let-7, c a S1 S1 Fig. 1c . The open funnel created by the CSD lobe and S1 allows RNA to access the top of the RNB. b, The structure of yeast Rrp44 extracted from the 11-subunit RNA exosome 20 (Protein Data Bank 4IFD). The CSD lobe closes on the S1 domain leading to a closed conformation on top of the RNB; as a result a 'side' RNA binding path is created between the RNB and CSD1. 
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through the enzyme. In conclusion, our data provide the structural mechanism of substrate recognition that underlies Dis3l2's role as the effector in maintaining pluripotency via the Lin28-let-7 pathway.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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METHODS
Protein preparation. Mouse Dis3l2 was expressed in Sf9 cells as an N-terminal
Strep-sumo-TEV fusion protein from the pFL vector of the MultiBac baculovirus expression system 30 . Sf9 cells were infected with baculovirus in Hyclone CCM3 media (Thermo Scientific) at 27 uC. Following 60 h of expression, the cells were centrifuged at 1,200 r.p.m. and re-suspended in Wash buffer (50 mM Tris pH 8, 100 mM NaCl and 5 mM DTT), flash frozen in liquid nitrogen and stored at 280 uC. Frozen cells were thawed, NaCl concentration increased to 500 mM, and then lysed by sonication. The lysate was treated with 0.2% poly-ethylene imine (PEI) to precipitate nucleic acids before ultracentrifugation at 35,000 r.p.m. at 4 uC for 1 h. The soluble fraction was incubated with 1 ml of Strep-Tactin superflow resin (IBA bioTAGnology) per 10 ml of lysate for 1 h on a rolling shaker. The resin was applied to a gravity flow column and washed extensively with Wash buffer. The protein was eluted with Wash buffer containing 2 mM desthiobiotin. The eluted fraction was treated with TEV protease overnight at 4 uC. The cleavage efficiency and purity was verified by SDS-PAGE. The cleaved protein was diluted with an equal volume of heparin buffer A (25 mM HEPES pH 7.5, 5 mM DTT) to a final NaCl concentration of 50 mM. Dis3l2 was loaded onto a HiTrap heparin HP column (GE Life Science) equilibrated with 25 mM HEPES pH 7.5, 50 mM NaCl and 5 mM DTT. A linear gradient between 0.05 M and 1 M NaCl was used to elute Dis3l2 at 0.25 M NaCl. Fractions that contained Dis3l2 were analysed by SDS-PAGE, pooled and concentrated to 2 ml and loaded onto a HiLoad 16/60 Superdex 200 gel filtration column equilibrated with 10 mM Tris pH 8, 100 mM NaCl, 2 mM MgCl 2 and 5 mM DTT. Fractions containing Dis3l2 were pooled and concentrated to 25 mg ml 21 , flash frozen in liquid nitrogen and stored at 280 uC. Mutants of Dis3l2 were constructed by sequence and ligation-independent cloning 31 (SLIC) using mutant primers. All mutant proteins were expressed and purified as described for wild-type Dis3l2. Crystallization. Full-length Dis3l2 was recalcitrant to crystallization despite extensive screening. We identified a protease-sensitive loop within CSD1 by limited proteolysis with thermolysin. We expressed and purified a D389N active-site mutant lacking the protease-sensitive loop within CSD1 (residues 148-169 and 194-221), and both the N (1-36) and C (857-870) termini (Extended Data Fig. 2) . The truncated Dis3l2 was incubated with a 1.2 molar excess of U 13 RNA for 30 min at 20 uC. Crystallization was carried out by the hanging-drop vapour diffusion method by mixing the Dis3l2-U 13 complex at 15 mg ml 21 with an equal volume of 100 mM tri-ammonium citrate pH 5.5, 100-200 mM ammonium chloride and 20-22% PEG 3350. Crystals appeared in 1-2 days at 18 uC and were placed directly in a freshly prepared solution composed of the crystallization condition supplemented with 20% glycerol and flash frozen in liquid N 2 . Structure determination. X-ray diffraction data were collected to 2.95 Å resolution at the X25 beamline at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL) (Extended Data Table 1 ). Data were processed with XDS 32 as implemented in the autoPROC software 33 . We generated a molecular replacement (MR) search model by pruning yeast Rrp44 (ref. 23) (PDB 2VNU) with the Sculptor 34 utility. The pruned model was separated into its individual CSD1, CSD2, RNB and S1 domains. Phasing was determined by MR with Phaser 35 , using each of the domains of yeast Rrp44 as individual search models. Phaser found solutions for CSD2, RNB and S1 domains, but failed to find a unique solution for CSD1. The initial MR phases were input into the AutoBuild routine in Phenix 36 , where the Resolve 37 and Buccaneer 38 option for density modification and model building, respectively, was critical for phase improvement and interpretation of initial electron density maps. The CSD1 of yeast Rrp44 was placed manually into the initial map and the AutoBuild routine repeated. The resulting phases were of sufficient quality to manually build protein and RNA in Coot 39 . Although a U 13 homooligonucleotide was used in crystallization, interpretable electron density accounted for 14 nucleotides. This is readily explained by slipping of the homo-oligoU into two conformations along the RNA binding cleft. One conformation is fully threaded into the active site (at the 0 position), and a second conformation occupies the 21 position. Crystallographically, these two states are indistinguishable, and thus is best accounted for by modelling 14 nucleotides. The final model includes two copies of truncated Dis3l2 with the exception of disordered residues (37-48, 119-228 and 252-258), two U 14 molecules, two Mg 21 ions and six water molecules. The structure was refined using automatically determined NCS restraints, TLS and isotropic B-factor refinement as implemented in Phenix 40 to an R/R free of 21/25%. The final model was validated with MolProbity 41 , where 96.8% of residues reside in the favoured and 3.13% in the allowed regions of the Ramachandran plot (Extended Data Table 1 ). The copy represented by chain A (Dis3l2) and chain C (U 14 ) had appreciably better electron density and was used for all structural analysis described in this manuscript. Weak electron density, presumably due to disorder in the region surrounding U5, precluded accurate modelling of the position of this nucleotide, so we carefully avoided over interpretation of the interactions observed in this region, although we are confident of its presence and general location. All structural figures were generated with the PyMOL Molecular Graphics System, Version 1.6 Schrödinger, LLC. Specific activity determination. All exonuclease assays were conducted under multiple turnover conditions, where we measured the linear initial rate of RNA degradation and calculated the specific activity (nt degraded min 21 molecule of enzyme 21 ). The indicated amount of Dis3l2 was incubated at 30 uC with 100 nM 59 radiolabelled RNA substrate in reaction buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM DTT and 100 mM MgCl 2 ). A 50 ml reaction was initiated and 5 ml was removed and quenched at 0, 0.5, 1, 2, 4, 8 and 16 min time points in formamide loading buffer (0.025% SDS, 95% formamide, 0.025% bromophenol blue, 0.025% xylene cyanol and 18 mM EDTA). Quenched samples were heated to 95 uC for 2 min and resolved by denaturing urea PAGE. Products were analysed by phosphor imaging and quantified with ImageJ software. The amount of substrate degraded (fmol) was plotted against time and linear regression was used to determine the initial rate (slope) of the linear portion of the curve with GraphPad Prism 6. The initial rate was converted to specific activity (nt/min/molecule of enzyme) by dividing the initial rate (fmol substrate processed/min) by the fmol of enzyme used in each assay and multiplying by n 2 3 (where n is the number of nucleotides of the substrate and 3 is the length of the end product). Synthetic oligoU, oligoA and oligoC substrates were purchased from Trilink BioTechnologies. Pre-let-7 and pre-let-7-U 15 were in vitro transcribed. Briefly, the RNA coding sequence was flanked by a 59 hammerhead ribozyme and 39 hepatitis delta virus ribozyme (HDV) to ensure homogeneous ends 42, 43 . Constructs were cloned into a pRSF vector containing a T7 promoter and the RNA produced by run-off transcription. The pre-let-7 sequence used in this study is pre-let7a1: UGAGGUAGUAGGUUGUAUAGUUUUAGGGUCACAC CCACCACUGGGAGAUAACUAUACAAUCUACUGUCUUUC.
Transcribed RNA was gel purified with denaturing PAGE and re-suspended in DEPC-treated water. Equilibrium binding assays. A range of Dis3l2 concentrations-0-5 nM for oligoU, pre-let-7-U 15 , deoxyU 15 and pre-let-7 substrates and 0-150 nM for A 15 and C 15were incubated with 1 pM 59 radiolabelled RNA for 1 h in binding buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 1 mM DTT, 50 mg ml 21 BSA and 100 mM EDTA). We determined that wild-type Dis3l2 is inactive in the presence of EDTA and no magnesium, but binds to RNA with the same affinity as the inactive D389N mutant. A slot blot filtration system was used (BioRad) to capture Dis3l2-RNA complexes on the top nitrocellulose membrane and unbound RNA on the bottom nylon membrane. The membranes were washed with 100 ml of binding buffer, before applying 100 ml of the binding reaction, followed by 100 ml of binding buffer. The nitrocellulose and nylon membranes were dried and analysed by phosphor imaging. All binding assays were conducted in triplicate, were quantified and fraction bound plotted versus free protein concentration. K d values were determined by using nonlinear regression analysis with GraphPad Prism6 software. Figure 1 | Substrate specificity of Dis3l2. a, Dis3l2 exonuclease assays were conducted with 59 radio-labelled RNA substrates at 30 uC over a 16 min time course and products resolved by denaturing urea PAGE. Two representative gels, one from an exonuclease assay with U 15 that was used to quantify Dis3l2 enzymatic activity and another for deoxyU 15 , showing no detectable activity under the initial rate conditions tested. b, The initial rate plots for each substrate used to calculate specific activity as shown in Fig. 1a . Exonuclease assays were conducted in triplicate and quantified with ImageJ. The concentration of enzyme used to measure the initial rate is indicated on each plot. The amount of substrate degraded (fmol) was plotted against time and the initial rate (slope) was determined with linear regression using GraphPad Prism 6. Mean 6 s.d. (n 5 3) are shown. c, Representative slot blot filter-binding assay of Dis3l2 with U 15 . Dis3l2-RNA complexes were captured on the top nitrocellulose membrane and unbound RNA to the bottom nylon membrane. d, The equilibrium dissociation constant (K d ) for each substrate in Fig. 1b was determined by plotting the fraction RNA bound against the concentration of free Dis3l2 and fit by nonlinear regression with GraphPad Prism 6. The mean of three independently measured replicates with error bars representing 6 s.d. are shown with the K d .
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Extended Data Figure 2 | Sequence alignment of mouse and human Dis3l2, yeast Rrp44 and human Dis3. Dis3l2 is composed of two cold shock domains (CSD1, residues 49-240, a1, b1-b5, and CSD2, residues 241-324, b6-b10, a2) at its N terminus followed by a catalytic RNB domain (residues 325-765, a3-a17, b11-b21) and flanked by an S1 domain (residues 766-856, b22-b29). The secondary structure elements deduced from the structure of mouse Dis3l2 are shown on top of the sequences, colour-coded by domain as in Fig. 1a . The segments of mouse Dis3l2 that were truncated to facilitate crystallization are outlined in a black box. Conserved amino acid residues are coloured blue. Blue diamonds indicate residues interacting with the backbone of U 14 RNA and red diamonds denote conserved active-site residues. Residues in Dis3l2 that interact with U 14 bases are shaded purple.
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Extended Data Figure 5 | OligoU length preference of Dis3l2. a, Specific activity (nt min 21 molecule 21 ) of Dis3l2 with increasing length oligoU (U 9 , U 11 , U 13 and U 15 ). The calculation of specific activity was conducted as in Fig. 1a . Mean 6 s.d. (n 5 3) are shown. b, The initial rate plots for each substrate used to calculate specific activity in panel a. The amount of substrate degraded (fmol) was plotted against time and the initial rate (slope) was determined with linear regression using GraphPad Prism 6. Mean 6 s.d.
(n 5 3) are shown. c, Equilibrium dissociation constants (K d ) for increasing oligoU length. The K d 6 s.d. determined from three independent replicates is shown. d, The equilibrium dissociation constant (K d ) for each substrate in panel c was determined by plotting the fraction RNA bound versus the concentration of free Dis3l2 and fit by nonlinear regression with GraphPad Prism 6. The mean of three independently measured replicates with error bars representing 6 s.d. are shown with the K d .
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